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Nonquasistatic effects in ac characteristics of carbon nanotube field-effect transistors are examined
by solving a full time-dependent, open-boundary Schrödinger equation. The nonquasistatic
characteristics, such as the finite channel charging time, and the dependence of small signal
transconductance and gate capacitance on the frequency, are explored. The validity of the widely
used quasistatic approximation is examined. The results show that the quasistatic approximation
overestimates the transconductance and gate capacitance at high frequencies, but gives a more
accurate value for the intrinsic cutoff frequency over a wide range of bias conditions. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2388881兴
Carbon nanotubes 共CNTs兲 have been extensively explored for potential nanoelectronics applications due to its
excellent electrical properties.1,2 Recently, ac characteristics
of carbon nanotube field-effect transistors 共FETs兲 are attracting extensive research interests due to their high mobility
and near ballistic transport.3 Appenzeller and Frank performed the pioneering experimental work on the ac characteristics of CNTFETs with a frequency up to 580 MHz.4 The
measurements with a frequency of 2.6 GHz 共Ref. 5兲 and
10 GHz 共Ref. 6兲 were subsequently reported. Very recently, a
five stage CNT ring oscillators with a frequency of 52 MHz
has been deomonstrated7 and ac characterization of a CNTFET up to 50 GHz was reported.8 The ultimate goal is to
benefit from the intrinsic high speed of CNTFET and achieve
the theoretically predicted terahertz intrinsic frequency. Selfconsistent, quasistatic 共QS兲 quantum simulations have been
applied to assess the high-frequency performance.9,10 The validity of the QS approximation at very high frequencies,
however, should be questioned. Previous studies have shown
that nonquasistatic 共NQS兲 effects play an important role on
the characteristics of conventional high-speed transistors.11
Little, however, is known about the NQS effects in carbon
nanotube transistors.
In this letter, NQS effects in ballistic CNTFETs are investigated by solving a full time-dependent open boundary
Schrödinger equation for CNTFETs using the finite difference time domain 共FDTD兲 method.12 The dependence of
small signal transconductance and gate capacitance on the
frequency of the applied bias is examined. The intrinsic cutoff frequency 共f T兲, a device metric important for radiofrequency 共rf兲 applications, is computed using the full timedependent simulations. The validity of the widely used QS
approximation is examined.
a兲
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A coaxially gated CNTFET is modeled. The coaxially
gate geometry is ideal for suppressing short channel effects
and for simplifying the treatment of self-consistent
electrostatics.12 The qualitative conclusions of this work also
apply to planar gated CNTFETs. The intrinsic 共17, 0兲 zigzag
CNT channel has a channel length of Lch = 20 nm and a diameter of dCNT ⬇ 1.33 nm, which results in a band gap of
Eg ⬇ 0.65 eV. The Schottky barrier height ⌽B between the
metal source and drain contacts and the intrinsic CNT channel depends on the contact material and tube diameter. In this
work, we use ⌽B = 0.33 eV. Because the conduction and valence bands of CNTs are symmetric, n-type conduction is
modeled for simplicity. The high- gate insulator thickness is
tms = 2.5 nm and the dielectric constant  ⬇ 25. The relative
effective mass of the CNT is 0.06.13 The simulations are
performed at the room temperature, T = 300 K. A power supply voltage of VDD = 0.5 V. An ac signal is applied at the gate
to modulate the transport of the carriers.
In order to treat time-dependent transport in the channel
and quantum tunneling through the metal/CNT Schottky barriers, we solve the time-dependent Schrödinger equation by
extending the FDTD method as described in Ref. 14 with the
treatment of the open boundary condition.15 When the frequency is much smaller than the speed of the wave propagation 共冑5 times Fermi velocity16兲 divided by the channel
length 共which is ⬃100 THz for the simulated device with a
channel length of 20 nm兲 electrostatic simulation can be used
instead of full-wave electromagnetics simulation. Because
the frequency range of interest is much smaller than
⬃100 THz, the time-dependent quantum transport equation
is solved self-consistently with the Poisson equation. The
effects of kinetic inductance are included because of the full
time-dependent simulation.17 Ballistic transport in the CNT
channel is assumed. An effective mass description of the
CNT band structure is used.18 The parasitic capacitances between the gate electrode and source 共drain兲 contact, which
significantly decrease the operation frequency of the devices

89, 203122-1

© 2006 American Institute of Physics

203122-2

Appl. Phys. Lett. 89, 203122 共2006兲

Chen et al.

FIG. 1. 共a兲 Switching transient characteristics of the channel charge with the
applied rectangular pulse 共VGS from 0 to 0.5 to 0 V, between 600 and
1000 fs兲 to the gate. 共b兲 Power-on transient characteristics of the channel
charge. The transistor is turned on 共VDS from 0 to 0.5 V兲 at t = 0. The settling time is 30 fs.

in the current experiments, are neglected. The simulation results based on the above assumptions set the high-frequency
performance limit of CNTFETs. 共The effects of parasitic capacitances and scattering are briefly discussed later.兲
The time-dependent drain to source current and charge
density are calculated by the probability current density and
probability density19 from the solved time-dependent wave
function 共t兲 as Eqs. 共1a兲 and 共1b兲, where dE / dk is calculated from E-k relation in contacts, ប is the reduced Planck
constant, and m* is the effective mass.
iDS共t兲 =

v共t兲 =

2eប
m*
2e


冕

冕

1
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In quasistatic approximation, it is assumed that the
charge in a transistor channel responds instantaneously as the
terminal voltage is applied. We explore the finite time that
takes to charge and discharge the CNT channel using the
time-dependent simulation. Figure 1 plots the simulated total
amount of charge in the channel as a function of time when
a rectangular pulse signal is applied on the gate, where Fig.
1共a兲 plots the time period with the gate voltage pulse and
Fig. 1共b兲 plots the power-on 共drain voltage step兲 time period.
At t = 0, the device is powered on with VDS = 0.5 V and VGS
= 0 V. The channel charge goes to steady state after an overshoot time period, which is caused by zero rising time of the
drain voltage step. The approximate rising time 共for the
charge to increase to the steady state value兲 is about 30 fs.
The finite charging time is due to the facts that the charge in
the channel is supplied by carrier injection from the source
and that the source-injected carriers travel at a speed below
the band-structure-limited speed. In order to characterize
how fast carriers travel to charge the channel, an effective
velocity, which is defined as the channel length divided by
the rising time, is computed to be ⬃6.67⫻ 105 m / s. It is in
the same order of magnitude but still smaller than the Fermi
velocity in metallic CNTs 共about 9.6⫻ 105 m / s兲 because of
the following two reasons. First, tunneling through the
Schottky barrier at the source end of the channel slows down
the carriers. Second, carriers populate the bottom portion of a
semiconducting E-k relation, which has a smaller bandstructure-limited velocity.
We next explore the NQS effect in the small signal configurations. A small signal sinusoidal wave with amplitude of
10 mV is superimposed with dc biasing on the gate. Figure
2共a兲 shows the resulting time-dependent small signal drain to

FIG. 2. 共a兲 Small signal time dependent drain to source current. 共b兲 Small
signal time dependent channel charge at VDS = 0.5 V, VGS = 0.5 V, and VGS
= 10 mV.

source current for different frequencies 共1, 10, and 100 THz兲.
With the increasing of the frequency, the small signal amplitude of the ac current is gradually decreased. This is because
the transit time is comparable to the period of the small signal at high frequency. At very high frequency, the small signal voltage on the gate cannot modulate the transport current,
which means that the gate will lose the control of the device
at such high frequency. Similar behavior can be expected for
time dependent channel charge as shown in Fig. 2共b兲. At very
high frequency, the potential in the channel will change before the channel charge accumulates to the new level. So, the
channel charge is almost constant, which is close to dc
charge.
Based on the results of Fig. 2, we can obtain the frequency dependent small signal transconductance and gate
capacitance as shown in Fig. 3. Comparing these NQS values
with QS simulation results,9,10 we find that up to the frequency of ⬃1 THz, the results of NQS approach are close to
that of QS approach. However, when the frequency is above
1 THz, the NQS results show that the small signal transconductance and gate capacitance decrease accordingly, while
the QS approach cannot show frequency dependent results.
As indicated in Fig. 3共a兲, 3 dB bandwidth of the transconductance is around 10 THz, which is a very important specification for the amplifier applications.
An important performance metric for high frequency
analog application is the cutoff frequency. Next we examine
the validity of QS approximation for computing the cutoff
frequency. Figure 4共a兲 shows how the cutoff frequency is
computed in a time-dependent simulation. It plots the gate
current and the source-drain current as a function of the frequency of the applied gate voltage. As frequency increases,
the impedance of the gate capacitor decreases and the gate
current increases. On the other hand, when the frequency
increases, the source-drain current decreases because the
transconductance decreases as a function of the frequency as
shown in Fig. 3. The cutoff frequency, which is defined as
the unit current gain frequency, is 4.16 THz as shown in Fig.

FIG. 3. 共a兲 ac transconductance and 共b兲 gate capacitance vs frequency at
VDS = 0.5 V and VGS = 0.5 V.
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FIG. 4. 共a兲 Small signal drain to source and gate to source current vs frequency at VDS = 0.5 V and VGS = 0.5 V. 共b兲 Cutoff frequency vs gate voltage
at VDS = 0.5 V by NQS 共line with triangle兲 and QS 共circled line兲 approaches.

4共a兲. This value is well below 100 THz, which justified the
approximation that Poisson equation applies.兲 Using the QS
approach,9,10 the intrinsic cutoff frequency can be computed
as gm / 共2Cg兲, where gm and Cg are the dc transconductance
and gate capacitance, respectively. The intrinsic cutoff frequency f T computed by the QS approximation is 3.86 THz,
which is different from that computed by time-dependent
simulation by about 7%. We notice that although the QS
approximation overestimates the transconductance at f T by
14% and the intrinsic gate capacitance by 21%, it results in
an intrinsic cutoff frequency much closer to that computed
by the time-dependent simulation due to the following reason. As frequency increases, the simultaneous decrease of the
transconductance and the gate capacitance makes their ratio
共which determines f T兲 less affected. The QS estimation of the
cutoff frequency is expected to be even more accurate when
a state-of-the-art experimental CNTFET is considered, which
operates well below its high-frequency performance limit because the parasitic capacitances between the gate electrode
and source 共drain兲 electrode dominate.10 Because the parasitic capacitances are nearly bias independent, the frequency
dependent gate capacitance will have little effect on the total
capacitance. Since the extrinsic cutoff frequency is orders of
magnitude smaller than the intrinsic cutoff frequency 共following Refs. 20 and 21兲, we simulate a Schottky-barrier FET
with metal nanowire source/drain contacts and a very thin
gate electrode. The parasitic capacitance is about four times
larger than the intrinsic capacitance and the cutoff frequency
is ⬃20% of the intrinsic value because the simulated channel
length is very short 共20 nm兲. As the channel length increases,
the intrinsic component becomes more dominant. For example, the parasitic capacitance is less than 10% of the intrinsic gate capacitance and the cutoff frequency is ⬃90% of
the intrinsic value when the channel length is 1 m. The
transconductance and the gate capacitance are close to the
QS estimations at such a low frequency. In this case, the QS
approach gives a good estimation of the extrinsic cutoff frequency.
The above comparison is performed at a specific bias
condition. Next, we explore the voltage dependence. Figure
4共b兲 plots f T computed by QS approximation and that computed from the time-dependent simulation as a function of
the applied dc gate voltage. The qualitative feature of the
curve by QS simulation9,10 is similar to that of timedependent simulation. The intrinsic cutoff frequency of the
CNTFET increases with gate biasing when the gate voltage
is relatively small and tends to remain constant as VG further
increases but still smaller than VD. Over the whole simulated
bias regime, the difference between the quasistatic approximation and the time-dependent simulation is less than 7%,

which indicates the validity of quasistatic approximation for
computing the cutoff frequency over a wide range of bias
conditions.
Ballistic transport is assumed in this study. At low VD,
acoustic phonon scattering 共with a mean free path of
⬃1 m兲 dominates and the simulated 20 nm long channel is
near ballistic. At high VD, optical and zone boundary phonon
scattering 共with a mean free path of ⬃10 nm兲 dominates,
which occur even in a 20 nm long channel. The NQS effects
are due to the fact that carriers travel at a finite average
velocity, so that the device cannot respond instantaneously.
We, therefore, expect that NQS effects become important at a
lower frequency in the presence of scattering because the
average carrier velocity decreases. The effect of scattering
warrants a careful future study, but this work indicates that at
the ballistic limit, the NQS effect becomes important when
the frequency approaches the intrinsic cutoff frequency.
In summary, a full time-dependent, open-boundary
Schrödinger equation is self-consistently solved for a CNTFET at the ballistic limit using FDTD method. NQS effects
are explored and the validity of the widely used QS approximation is examined. The results show that the intrinsic gate
capacitance and transconductance significantly decreases as
the frequency increases to a value comparable to the intrinsic
cutoff frequency. The channel charging time is limited by the
band-structure-limited velocity. The quasistatic approximation gives a much more accurate value for the intrinsic cutoff
frequency over a wide range of bias conditions than for the
gate capacitance and transconductance.
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